Abstract
Background
Baroreflex sensitivity (BRS), which is a sensitive indicator of cardiovascular autonomic neuropathy (CAN) in type 2 diabetes mellitus (T2DM) [1, 2] , has been found to be associated with cardiovascular events [3] [4] [5] . In T2DM, the cause of reduced BRS has not been fully elucidated. Reductions in BRS have been reported to be associated with hyperglycemia [6] [7] [8] , older age [9, 10] , obesity [9, 11] , hypertension [9, 10, 12] , dyslipidemia [10, 13, 14] , and increased heart rate [9, 10] . Chronic hyperglycemia is known to be an important cause of reduced BRS in T2DM, and recently we reported that short-term glycemic variability (GV) determined by continuous glucose monitoring (CGM) was inversely related to BRS independently of blood glucose levels [15] . Short-term GV also was reported to be associated with CAN as measured by means other than BRS, such as heart rate variability (HRV) [16] in T2DM; moreover, in type 1 diabetes this relationship was similar to that in T2DM [17, 18] . Recently, not only short-term GV but also long-term GV represented by visit-to-visit HbA1c variability, which is an independent risk factor for cardiovascular events [19] [20] [21] [22] , were reported as risk factors for CAN [16] . Furthermore, it was reported that visit-to-visit HbA1c variability was a predictor of new-incident peripheral neuropathy [19] , and that visit-to-visit glycated albumin variability was significantly associated with the risk of developing CAN in T2DM [23] . Long-term GV refers to glycemic fluctuations over months to years and is generally described as visit-to-visit variability in either HbA1c or fasting blood glucose in T2DM. However, the relationship between such long-term GV represented by visit-tovisit HbA1c variability and BRS has not been clarified.
The present study is the first to examine the relationships between visit-to-visit HbA1c variability and BRS.
Methods

Study participants
This study retrospectively analyzed data from a previous study on patients whose HbA1c was measured 8 or more times during a 2-year period, including HbA1c values obtained on the first day of BRS measurements [15] . All of the time intervals between HbA1c measurements were within 3 months. The primary objective was to determine if there was a relationship between visit-to-visit HbA1c variability [HbA1c coefficient of variation (CV)] and BRS. Secondary objectives were to examine if there were relationships between BRS and (1) other measurements for evaluating visit-tovisit HbA1c variability [HbA1c standard deviation (SD) and adjusted HbA1c SD]; short-term GV (CGM CV and CGM SD) as determined by CGM; other glycemic control variables such as 2-year mean HbA1c, baseline fasting plasma glucose, and baseline HbA1c level; heart rate; systolic blood pressure (SBP) and diastolic blood pressure (DBP); age; body mass index (BMI); lipid metabolism variables such as triglycerides, low-density lipoprotein (LDL) cholesterol, and high-density lipoprotein (HDL) cholesterol; (2) respective and combined effects of long-term GV (HbA1c CV) and short-term GV (CGM CV) on BRS; and (3) comparison of BRS and visit-to-visit HbA1c variability according to subgroups. The baseline examination was conducted at Jikei University School of Medicine Hospital, Tokyo, Japan and Tsuruoka kyoritsu Hospital, Yamagata, in 2017. Details of inclusion and exclusion criteria were described previously [15] . Briefly, inclusion criteria for that study were age ≥ 40 years and the presence of T2DM diagnosed according to 2017 American Diabetes Association guidelines. Exclusion criteria included arrhythmia, malignancy, and insulin-dependent diabetes mellitus, but did not exclude those with hypertension and dyslipidemia. An additional inclusion criterion in the present study was measurement of HbA1c 8 or more times during a 2-year period. Additionally excluded from the analysis in the current study were patients who had not made an outpatient visit for 2 years or more, had an insufficient number of HbA1c readings during 2 years, and who had been hospitalized due to any disease in the past 2 years (Fig. 1) .
Of the 94 people who were finally analyzed for our previous study [15] , 57 patients who met this study's inclusion criteria were finally analyzed after excluding 32 patients who had not made an outpatient visit for 2 years or more, 4 patients with an insufficient number of HbA1c readings during 2 years, and 1 patient who had been hospitalized in the past 2 years (Fig. 1) .
Patients with type 2 diabetes who underwent CGM and BRS evaluations. (n = 94) Included in final analysis (n = 57) Excluded (n = 1) for having been hospitalized in the past 2 years.
Excluded (n = 32) for not having outpatient visit for 2 years or more.
Excluded (n = 4) because of an insufficient number of HbA1c readings during 2 years. 
Assessment of visit-to-visit glycemic variability
Visit-to-visit HbA1c variability was evaluated using the intrapersonal CV, SD, and adjusted SD of 8 or more serial measurements of HbA1c during a 2-year period, including that obtained on the first day of measuring BRS (Fig. 2) . HbA1c was measured 14.8 ± 4.7 times (mean ± SD) during the 2-year period. To adjust for the effect of varying numbers of HbA1c measurements among study patients, the adjusted SD of HbA1c was given as the SD of HbA1c divided by [n/(n − 1)]
, where n is the number of HbA1c measurements [24] .
Assessment of baroreflex sensitivity
Baroreflex sensitivity was evaluated on the first day of hospitalization in the previous study (Fig. 2) [15] . Using the spontaneous sequence method the beat-to-beat blood pressure (BP) was measured for 15 min after 15 min of supine rest as the slope of the relationship between spontaneous changes in SBP and the pulse interval. Beat-tobeat BP was measured using the second and third fingers of the right hand by the vascular unloading technique. A standard 3-lead electrocardiogram was used to record the heart rate. In calculating BRS, the relative changes in BP (mmHg) and the R-R interval (msec), which is expressed as the distance between corresponding QRS complexes, were determined by the sequence method using cut-off points of 1 mmHg and 3 ms, respectively (Task Force Monitor, CNSystems, Graz, Austria) [25, 26] .
Statistical analyses
Patients' characteristics and results are presented as mean ± SD or median with interquartile range (IQR) as appropriate according to the data distribution. Pearson's correlation analysis or Spearman's rank correlation coefficient test were used for single correlations (Table 2) . Multiple-linear regression was used to assess individual and cumulative effects of visit-to-visit HbA1c variability (CV, SD, and adjusted SD), 2-year mean HbA1c, CGM CV, age, sex, BMI, SBP, LDL-cholesterol, and heart rate on BRS. Independent variables were selected based on previous studies of factors associated with low levels of BRS [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] (Table 3 ). As shown in Table 4 , individuals were grouped according to CGM CV and HbA1c CV. Group 1 was the reference group and included participants with both CGM CV and HbA1c CV values below the respective median values. Participants in Group 2 had CGM CV values above the median and those in Group 3 had HbA1c CV values above the median. In Group 4 participants had both CGM CV and HbA1c CV values above the median. The analysis of variance (ANOVA) or the Kruskal-Wallis test was used to compare BRS and other variables among the four groups and the Jonckheere trend test was used to test for linear trends in BRS for the four groups. In ANOVA, the Tukey post hoc test or the Games-Howell post hoc test compared results of the BRS and other variables among the four groups. In the Kruskal-Wallis test, the Bonferroni post hoc test compared results of the HbA1c CV among the four groups. As shown in Table 5 , HbA1c CV, HbA1c SD, adjusted HbA1c SD, and BRS were divided into the following subgroups: sex, hypertension, dyslipidemia, insulin use, sulfonylurea use, statin use, renin-angiotensin-aldosterone system (RAAS) inhibitor use, calciumchannel blocker use, and beta-blocker use. In subgroup analysis, each parameter was compared using the Student's t test or nonparametric Mann-Whitney U test. For data analyses the Statistical Package for the Social Sciences 22.0 software was used (IBM, Armonk, NY, USA). A p value < 0.05 was considered significant.
Results
Baseline characteristics of study participants
A total of 57 patients were finally analyzed. Baseline clinical and anthropometric characteristics of the study participants are shown in Table 1 . The prevalence of study participants ever diagnosed with hypertension or dyslipidemia was 74 or 89%, respectively. The mean age of participants was 67.2 ± 7.7 years, mean duration of diabetes was 11.5 ± 9.6 years, mean number of HbA1c measurements was 14.8 ± 4.7 times, and average of the 2-year 
Univariate correlates of baroreflex sensitivity
Correlation analysis showed that parameters of visit-tovisit HbA1c variability, such as HbA1c CV (r = − 0.354, p = 0.007), HbA1c SD (r = − 0.384, p = 0.003), and adjusted HbA1c SD (r = − 0.391, p = 0.003), were significantly related to low levels of BRS. In addition to visitto-visit HbA1c variability, the level of BRS correlated with the 2-year mean HbA1c (r = − 0.384, p = 0.003), CGM CV (r = − 0.325, p = 0.014), CGM SD (r = − 0.366, p = 0.005), heart rate (r = − 0.446, p = 0.001), and age (r = − 0.358, p = 0.006) ( Table 2, Fig. 3 ).
Multiple regression analysis of baroreflex sensitivity
Multiple regression analysis showed that HbA1c CV, HbA1c SD, and adjusted HbA1c SD were inversely related to BRS. These findings remained after adjusting BRS for the 2-year mean HbA1c, CGM CV, age, sex, BMI, SBP, LDL-cholesterol, and heart rate. In addition to parameters of visit-to-visit HbA1c variability, age, CGM CV, and heart rate were found to be predictive factors for BRS (Table 3) .
Respective and combined effects of short-term and long-term glycemic variability on baroreflex sensitivity Table 4 
Comparison of baroreflex sensitivity in subgroups
Use of sulfonylurea was associated with low levels of BRS compared with its non-use (sulfonylurea use vs. non-use: 6.4 ± 2.1 vs. 8.1 ± 2.8 ms/mmHg, p = 0.028). The HbA1c CV, HbA1c SD, and adjusted HbA1c SD in patients taking sulfonylurea were larger than in those who did not Hypertension and statin use were associated with low levels of BRS (hypertensive vs. normotensive: 7.0 ± 2.5 vs. 9.1 ± 2.9 ms/mmHg, p = 0.011; statin use vs. non-use: 6.6 ± 2.6 vs. 8.1 ± 2.6 ms/mmHg, p = 0.035). However, there was no significant relationship between the mean BRS and sex, dyslipidemia, and the use of insulin, RAAS inhibitors, calcium-channel blockers, and beta-blockers (Table 5) . 
Discussion
This is the first clinical study to assess the relationship between BRS and long-term GV as represented by visitto-visit HbA1c variability. We retrospectively assessed data on patients with T2DM whose HbA1c was examined 8 or more times during the 2 years beginning from the time of recruitment for participation in our previous prospective study [15] . The results showed that visit-to-visit HbA1c variability was inversely correlated with BRS (Table 2, Fig. 3 ). In the multiple regression analysis, visit-to-visit HbA1c variability was independently associated with a decrease in BRS (Table 3) . Furthermore, although the increase in either long-term GV or short-term GV was inversely correlated with BRS, an additional reduction in BRS was not shown in participants with both long-term GV and short-term GV values above the median (Table 4 , Fig. 4) . As in previous reports, our analysis showed that age and heart rate were also independent predictors of BRS [9, 10] (Tables 2, 3) .
Long-term GV emerged as another measure of glycemic control that better predicted cardiovascular events [19] [20] [21] [22] and microvascular complications [19, 21, 27, 28] than the average HbA1c level. Since there has been more evidence that long-term GV was related to prognosis and microvascular complications than short-term GV [29] [30] [31] [32] [33] [34] , long-term GV may confirm the prognosis to a greater extent. This is the first clinical study to investigate the association between long-term GV and BRS that can quantitatively and sensitively evaluate CAN [1] . Our results further support existing data showing that there was an independent association of visit-to-visit HbA1c variability with the presence of CAN [16] and that visitto-visit HbA1c variability was a predictor of new-incident peripheral neuropathy [19] . Also we noted that visit-to-visit glycated albumin variability was significantly associated with the risk of developing CAN in T2DM as previously reported [23] .
Several potential mechanisms may link increased GV to the reduced BRS from a pathophysiological point of view. Previous studies suggested that increased GV causes the reduced BRS by inducing endothelial dysfunction and increasing oxidative stress independently of chronic hyperglycemia. For example, GV was shown to induce endothelial dysfunction [35] [36] [37] [38] , which subsequently causes neuropathy [39] [40] [41] [42] . GV increased oxidative stress [36] [37] [38] 43] causing neuropathy [44, 45] . In particular, vascular endothelial dysfunction leads to hypoxia and blood flow disorders in neuronal cells [39, 40] , which might result in autonomic dysfunction. However, since this phenomenon is difficult to prevent or ameliorate by anti-diabetic drugs, these conditions persist for long periods and the autonomic dysfunction possibly becomes irreversible or worsens. Furthermore, insulin resistance may be one possible explanation of the result showing that increased visit-to-visit HbA1c variability was related to reduced BRS, because GV is known to be associated with insulin resistance [46] . Insulin resistance was shown to be associated with sympathetic activity [47] , which is a determinant of BRS [48] . Although it was previously reported that long-term GV was associated with the severity of CAN compared to short-term GV [16] , in this study the effects of long-term GV and short-term GV on reduced BRS were comparable. Furthermore, an additional reduction in BRS was not shown in participants with both long-term GV and short-term GV values above the median (Table 4 , Fig. 4 ). Although endothelial function, oxidative stress, and insulin resistance were not examined in this study, an increase in either longterm GV or short-term GV reduces BRS to some extent by these physiological mechanisms and BRS might have reached a steady state in these study participants. In addition, our results may have been due to the fact that the evaluation period for long-term GV of 2 years was insufficient, and the duration of hypertension and the state of its management were not evaluated.
On the other hand, in subgroup analysis, patients taking sulfonylurea had larger visit-to-visit HbA1c variability than those who did not. Furthermore, sulfonylureas were associated with reduced BRS (Table 5) . Sulfonylureas are prescribed typically for T2DM in patients with relative difficulty in glycemic control, such as those with a long duration of diabetes and low insulin levels. Furthermore, sulfonylureas present a high risk of causing hypoglycemia [49] [50] [51] , and as a result visit-to-visit HbA1c variability may have increased in those patients taking sulfonylureas.
In addition to long-term GV, as previously reported [9, 10] , because our study showed that age and heart rate were independently correlated with BRS, these factors are important to consider when assessing BRS, especially in elderly patients with T2DM and a high heart rate. It is known that loss of arterial distensibility is the major mechanism responsible for the reduction of BRS in elderly patients [52] . Since the baroreflex modulates the heart rate, the association of BRS with heart rate is not unexpected. A low heart rate indicates high vagal tone, which usually accompanies high BRS [53] . On the other hand, unlike previous reports [9] [10] [11] [12] [13] [14] , we did not find a significant correlation of BRS with blood pressure, BMI, and lipid metabolism variables. That this study enrolled patients who were taking antihypertensive agents and/or lipid lowering agents that may improve BRS [54] [55] [56] might have influenced the results.
This study has four notable limitations. First, in this retrospective study, only 57 patients were enrolled and analyzed. Second, the period studied was short, that is, only 2 years, and changes in anti-diabetic drugs were not considered during the 2-year period. Third, factors related to drugs that could affect BRS, such as antihypertensive agents and/or lipid-lowering agents, were not considered. Fourth, this study did not investigate short-term GV and long-term GV simultaneously and prospectively. 
Conclusions
Visit-to-visit HbA1c variability was inversely related to BRS independently of mean HbA1c in patients with T2DM. Therefore visit-to-visit HbA1c variability might be a marker of reduced BRS in T2DM. Future studies are awaited to focus on the pathophysiology of CAN assessed by BRS. 
